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Rectangular aperture  detector  geometry has been used to  
study the Fermi surface o f  three concentrat ions o f  n ickel  in copper 
Measurements were made in the (111)  and (110)  d i r e c t io n s  on s ingle  
c r y s ta ls  of  the a l lo y s  w ith  concentrations of  10, 50, and 90 
atomic % n ic k e l .  Measurements were a lso  made in the (111)  
d i r e c t io n  of  a s ing le  c rys ta l  of  pure copper.  The b e l l y  radius  
o f  the Fermi surface is seen to  decrease as the concentra t ion  of  
nickel  is increased. The radius o f  the necks in the (111)  
d i r e c t io n ,  however, does not appear to  change s u b s t a n t i a l 1y with  
change in a l lo y  concentra t ion .  These necks are e a s i l y  detected at  
concentrations o f  10 and 50 atomic % n icke l  and are s t i l l  v i s i b l e  
in the 90 atomic % n ickel  a l lo y .  A new m odi f ica t ion  o f  the 
rectangular  aperture method was t r i e d  fo r  the f i r s t  t ime.  One of  
the detector  apertures was displaced so as to  measure the Fermi 
surface near the zone boundary. The re s u l ts  of  t h is  measurement 
were inconclusive but seem to uphold the other  measurements 
discussed here. F i n a l l y ,  measurements were made on the 50 atomic 
% nickel  sample below i t s  Curie temperature. These re s u l ts  were 
compatible w ith  the room temperature measurements.
I .  INTRODUCTION 
The Fermi surface o f  copper and i t s  d i l u t e  a l lo y s  has been
I - kex ten s ive ly  studied using conventional s o l id  s ta te  techniques.
These experiments have made the Fermi surface of  copper well  known.
I t  is known that  the Fermi surface of  copper has necks which 
reach out to the hexagonal faces o f  the B r i l l o u i n  zone ( the  ( i l l )  
d i r e c t io n s ) .  The s ize  and shape of  these necks in var ious d i l u t e  
a l lo y s  of  copper has been given much a t t e n t i o n .  Normal so l id  s ta te  
techniques r e s t r i c t  these studies to very low concentrat ions o f  the 
solute  m ater ia l  since the mean f ree  path o f  the e lec t rons  is 
shortened as the solute  concentra t ion  is increased. The technique of  
posit ron a n n ih i la t i o n  does not requ ire  a long mean f ree  path fo r  the 
elec trons  and i t  can the re fo re  be app l ied  to  the study o f  a l l  a l lo y  
concentrat ions.  The nature o f  the e le c t r o n i c  s ta te  of  copper-n ickel  
al loys is o f  in te re s t  because the system has been considered to be 
one whose p ropert ies  would be pred ic ted  t h e o r e t i c a l l y  by the r i g i d -  
band model. The r ig id -band model makes no d i s t i n c t i o n  between the 
components of  the a l lo y  and places a l l  e lec t rons  in a common band.
There is however another approach to  the problem, the coherent-  
po te n t ia l  approximation, which assumes a very l im i te d  sharing of  
electrons by the two con st i tuen ts .  Experimental resu l ts  are des irab le  
to compare with the pred ic t ions  o f  these theor ies .
The o r ig in a l  method of  measurement of  the angular c o r r e la t io n  of  
ra d ia t io n  from pos it ron  a n n ih i la t io n  employed long detector  s l i t s . ^  
This method enables an experimenter to measure the cross sectional  
area of  the Fermi surface and, consequently,  i t  is not very sen s i t ive
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to  the f in e  s t ru c tu re  o f  the surface .  Other methods which use posit ron
a n n ih i la t i o n  to study the e le c t ro n  momentum d i s t r i b u t i o n  in metals
are the col 1 in ear -p o in t  detector  geometry  ̂ and the crossed s l i t
g
( rec tangu la r  aperture)  geometry. These two methods measure distance
through the Fermi surface and hence are ab le to  reveal add i t io n a l
s t ruc tu re  o f  the Fermi surface. These l a t e r  two methods are hindered
by the fac t  tha t  the detector  s l i t s  subtend a small s o l id  angle and as
a consequence the number of  coincidences detected is reduced and the
s t a t i s t i c s  o f  the measurements are decreased. This problem is
6ka l l e v i a t e d  by the use o f  Cu as the source o f  the pos i t rons .  The
sample i t s e l f  can be made in to  the source by i r r a d i a t i n g  i t  in a f lu x
of  thermal neutrons. This procedure can y i e l d  an extremely large  
number o f  posit rons in a short per iod of  time and very e f f i c i e n t  use 
is made o f  those posit rons produced.
A l l  three methods using pos it ron  a n n ih i l a t i o n  have been used to 
study the Fermi surface of  copper and i ts  a l lo y s .  The a l lo y s  studied
to date include copper-aluminum^’ cop per -z inc^ ’ ^ , and copper-
9 10n ic k e l .  Fujiwara et  a l .  , using rectangular  s l i t s  and Murray and
Q
McGervey , using the long s l i t  method invest iga ted  copper-aluminum 
a l lo ys  with  up to 15% aluminum. They observed changes in the 
dimensions of  the Fermi surface as the concentrat ion o f  the c o n s t i tu ­
ents was va r ied .  Other inves t iga t ions  have a lso detected changes in 
the Fermi surface of  other  a l lo y s .
In th is  work rectangular  aperture  detectors  were used to measure
the Fermi surface o f  a l lo ys  of  copper and n icke l  in the compositions
1290 /1 0 ,  50 /50 ,  10/90.  Measurements were a lso  made on samples of  pure
3
copper in order to make comparisons w ith  other  experiments. The in tent  
of  these measurements was to  detect  changes in the shape o f  the Fermi 
surface as the a l l o y  changed from 90% copper to 90% n i c k e l .  This has 
been the f i r s t  measurement on samples of  high n ickel  con ten t .
I I . THEORY
A. Positrons in Sol ids .
i t  has been about 40 years since the pos it ron  f i r s t  p red ic ted  
by D irac ,  was discovered. I t s  usefulness in the study of  s o l id s ,  
p a r t i c u l a r l y  metals ,  has only been demonstrated in the las t  f i f t e e n  
years.
The three most common sources o f  posit rons for  a n n ih i la t io n
22 58 64experiments are Na , Co , and Cu . A pos it ron  emit ted  from any
one of  them has a maximum energy o f  about .5 Mev. The decay schemes
for  these three posit ron em i t te rs  are shown in Figure I .
When a pos it ron enters a s o l id  i t  loses energy in c o l l i s i o n s
with the l a t t i c e  and the e lec t rons .  The pos it ron a t t a in s  an energy
-2  -12 
o f  about 10 e lec t ron  v o l ts  in a time o f  10 seconds a f t e r  i t
13enters a metal.  A pos it ron tha t  has a v e l o c i t y  corresponding to
an energy o f  a few hundredths o f  an e lec t ron  v o l t  is said to be
thermalized.  In so l ids  other than metals the th e rm a l iz a t io n  time
-9  14can be as long as 10 seconds. The assumption that  the pos it ron  
momentum is n e g l ig ib le  compared to that  of the e lec t ron  on a n n ih i -
l
l a t io n  is reasonable.
A f te r  the posit ron is thermalized i t  can e i t h e r  enter  into  a 
bound s ta te  with an e lec t ron  forming Hydrogen- l ike Positronium or 
i t  can undergo a f ree  a n n ih i la t io n  with an e le c t ro n .
I f  the pos it ron undergoes a f re e  a n n ih i la t i o n  i t  can a n n ih i la te  
with an e lec t ron  o f  the same or opposite spin. I f  the spins of the 
e lec t ron  and the posit ron are a n t i - p a r a l l e i  (a  s in g le t  c o l l i s i o n ) ,  
the a n n ih i la t io n  prodeces an even number of  photons with two being
k
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the most l i k e l y  number. These f re e  a n n ih i la t io n s  occur in metals  
w ith in  JO seconds a f t e r  the pos i t ron  enters the metal.  The most 
probable a n n ih i l a t i o n  is a s in g le t  a n n ih i l a t i o n  w ith  the emission 
o f  two photons which are o pp os i te ly  d i rec ted  in the center  o f  mass 
system of the e lec t ro n  and the pos it ron  and which possess equal 
energy (E ■ “ *511 MeV).
The r a t i o  per s ta te  of  two photon a n n ih i l a t i o n  to three photon
a n n ih i la t io n  has been c a lc u la te d  to  be 1 1 1 5 . ^  There a re ,  however, 
three possib le  s ta tes  of  an e le c t ro n  and a pos it ron  which lead to 
a t r i p l e t  a n n ih i la t i o n  while  only one s ta te  leads to a s in g le t  
a n n ih i l a t i o n .  The actual  r a t i o  o f  the two photon to three photon 
a n n ih i la t io n  ra te  is 372. ^
As was mentioned above an a l t e r n a t i v e  to f ree  a n n ih i l a t i o n  is 
the formation of positronium. Positronium formed in the s in g le t  
s ta te  ( c a l le d  para-positroniurn)  w i l l  decay p r i m a r i l y  by the emission 
of two photons. The l i f e t i m e  of  para-positroniurn is 10 seconds.
The decay of  positronium formed in the t r i p l e t  s ta te  ( c a l le d  
ortho-positronlum) is more complex. Ortho-positroniurn usual ly  
decays in 10  ̂ seconds with  the production of three photons.
Analogous to the case o f  f re e  a n n ih i la t io n s  the r a t i o  o f  two photon
to three photon a n n ih i la t i o n  ra te  is 372. ' ^
Once Ortho-positroniurn is formed i t  can be quenched so that  i t  
w i l l  decay by two photon production.  Quenching is the conversion 
of  ortho-posi troniurn to para-positroniurn at a ra te  much grea te r  than 
the t r i p l e t  a n n ih i l a t i o n  r a t e ,  or the two photon decay o f  o r th o -  
pos i t  ron ium by some other means.
7
One method o f  two photon decay is a process c a l l e d  p i c k o f f .
The pos it ron  in the ortho-positroniurn w i l l  a n n ih i la te  w ith  an e lec t ro n
of  a c o l l i d i n g  atom which has a spin opposite that  o f  the pos i t ron .
-9The l i f e t i m e  fo r  p ic k o f f  a n n ih i l a t i o n  is on the order of  10 seconds. 
Another method o f  quenching is fo r  the e le c t ro n  in or tho-positroniurn  
to exchange spins w ith  an e lec t ro n  in the surrounding medium. This 
procedure converts o r tho -pos i t ron ium  to para-positroniurn which 
subsequently decays in about 10 seconds. Quenching can a lso occur 
with the a p p l ic a t io n  of  an ex terna l  magnetic f i e l d  or the in troduct ion  
of  c e r t a in  gases.
This discussion on the fa te  o f  a p o s i t ron  is summarized in 
Figure 2.
I t  should be mentioned tha t  posit ronium is not observed to  form 
in metals and a l l  the posit rons in je c te d  in to  metals undergo f ree  
a n n ih i l a t i o n .  Theore t ica l  c a lc u la t io n s  have been made which show 
that  positronium formation is improbable in metals because the 
e lec t ron  gas is too d e n s e . T h e  non-formation of  positronium is 
fo r tuna te  since i ts  formation in metals would make i t  d i f f i c u l t ,  
i f  not impossible,  to  observe the Fermi surfaces.
B. Angular C o rre la t io n  Measurements.
I . Photon D i s t r i b u t i o n .
The most probable resu l t  o f  the a n n ih i l a t i o n  o f  a pos it ron  
and an e lec t ron  is the production o f  two photons, each with  an energy 
of  .511 MeV. In the center  of  mass system these photons are emitted  
in d i re c t io n s  which are 180° ap a r t .  R e la t iv e  to the laboratory  the 
































momentum must be conserved. In the labora tory  the two photons w i l l  
not be emitted at  180° but w i l l  ca r ry  the momentum o f  the a n n ih i l a t i n g  
p a i r  and be em it ted  a t  an angle d i f f e r e n t  from 180°.
Consider a p a i r  of  photons w i th  momentum and as shown in 
Figure 3. These two photons c a r ry  a t o ta l  momentum o f  P w ith  a 
component of  in the z - d i r e c t i o n .  The re la t io n s h ip s  o f  the momenta 
and the angles are given by
(P j -P z )  cos Tp ■ P cos $  (1)
(P .+P0) sin ? -  P sin P (2)1 2 £ z
The k i n e t ic  energy of  the a n n ih i l a t i n g  p a i r  is n e g l ig ib le  so the 
conservat ion o f  energy in the a n n ih i l a t i o n  process requires that
c(P1+P2) -  2 me2 (3)
where m is the mass of  the e le c t r o n .
The combination of  (2)  and (3) gives the necessary condit ion  
for the photons to be emitted in the d i re c t io n s  i l l u s t r a t e d  in 
Figure 3. This condit ion  is
sin f - f - ' s
w
P
or ©  ■ —me
I f  coincidences are detected so tha t  the angles between the 
d irec t ion s  of  the photons d i f f e r s  from 180° by ©  then the z 
component of the momentum of  the a n n ih i l a t i n g  p a i r  is given by
Pz ■ me ©  (5)
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As sta ted  above the pos it ron  has n e g l i g ib le  momentum when i t  
a n n ih i la te s  with an e lec t ro n  in s o l id s .  The momentum c a r r i e d  by the 
photons is ex c lu s iv e ly  the momentum o f  the e le c t ro n .
2. Long S l i t  Geometry.
The usual long s l i t  angular c o r r e l a t io n  apparatus is designed 
to detect  a n n ih i la t io n s  as a funct ion  o f  6L Customarily one detector  
is f ix e d  and the other  detec tor  is moved by small steps through an 
angle of  about 1° on e i t h e r  side o f  180°. The s l i t s  are narrow so 
that  high reso lu t io n  is obtained f o r  the z-component o f  the momentum. 
The s l i t s  are long enough so that  photons with  any possib le  
x-component o f  momentum w i l l  be counted. The detectors  are also  
in sens i t ive  to a Doppler s h i f t  o f  the wavelength of  the photon due 
to a y-component of  momentum. The long s l i t  apparatus is thus 
sen s i t ive  only to  the z-component o f  the momentum o f  the e le c t ro n .
The coincidence counting ra te  a t  a p a r t i c u l a r  angle is there fo re  
a measure of the r e l a t i v e  number of  e lec t rons  in the sample w ith  
the z-component o f  momentum corresponding to  tha t  sp e c i f ie d  angle.  
Measurement o f  the coincidence counting ra te  over a range of  angles 
y ie ld s  information about the d i s t r i b u t i o n  o f  momentum among the 
electrons of  the sample.
In metals the surface in momentum space which enclosed a l l  of  
the occupied conduction e lec t ro n  s ta tes  is known as the Fermi 
surface. From th is  surface the long s l i t  apparatus cuts layers of  
a thickness determined by the width of  the s l i t s .  The layer  is 
confined by a p a i r  of  planes perpendicular  to the z -a x is  
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are detected and the count ra te  is a measure of  the volume of  t h is  
laye r .  For a p o l y c r y s t a l l in e  sample the Fermi surface is a sphere.  
Since the long s l i t s  e s s e n t i a l l y  measure the cross -sec t iona l  area  
of  the sphere as a funct ion  of  the d istance from the center  o f  th is  
sphere, the shape of  the angular d i s t r i b u t i o n  curve fo r  a sphere is 
a parabola.  For s ing le  c rys ta l  samples w ith  a n iso t ro p ic  Fermi 
surfaces the angular d i s t r i b u t i o n  curve w i l l  give a measure o f  the 
v a r i a t io n  o f  the cross -sec t iona l  area o f  t h is  surface .
Although most o f  the posit rons a n n ih i l a t e  w ith  the conduction  
e le c t ro n s ,  some a n n ih i la t io n s  do take place w ith  e lec t rons  of  inner  
s h e l ls .  A n n ih i la t io n s  with  core e lec t rons  y i e l d  a very broad 
d i s t r i b u t i o n  which extends to angles much g rea te r  than the 
d i s t r i b u t i o n  due to a n n ih i la t io n s  w ith  conduction e le c t ro n s .  A 
typ ica l  d i s t r i b u t i o n  curve for  a p o l y - c r y s t a l 1 ine sample is shown 
in Figure 4 ( b ) .  The l e f t  hand side o f  the f ig u re  shows the 
recorded d i s t r i b u t i o n .  The r ig h t  hand side shows the d i s t r i b u t i o n  
with the e f f e c t  of  the core e lec t rons  subtracted away.
When a pos it ron  and an e lec t ro n  form a bound s t a t e ,  the 
momentum of  the e le c t ro n  is transformed in to  the momentum of  the 
positronium atom. The positronium w i l l  qu ick ly  thermal ize  and 
w i l l  a n n ih i la te  with very l i t t l e  momentum. The two photons 
r e s u l t in g  from the a n n ih i la t i o n  of  para-positroniurn w i l l  be emitted  
at angles very close to 180°. The presence o f  positronium in a 
sample is revealed by a narrow peak in the annular c o r r e la t io n  
curve around © -  0.  This narrow peak w i l l  be superimposed on the 
broad d i s t r i b u t i o n  which resu l ts  from posit rons a n n ih i l a t i n g  w ith
]k
elec trons  having a wide range o f  momenta. The width o f  the narrow 
component depends on the s ize  o f  the space in which the positronium  
is confined and on the completeness o f  th e rm a l iz a t io n  o f  the 
positronium. A n n ih i la t io n s  o f  or tho positronium by p i c k o f f  w i l l  be 
included in the broad d i s t r i b u t i o n .
3. Rectangular Aperture Geometry.
There are two other methods which use the time coincident  
a n n ih i la t i o n  photons to  measure the e le c t ro n  momentum d i s t r i b u t i o n  
in metals.  Both methods use small rectangular  apertures in place  
of long si i t s .
The f i r s t  of  these is c a l l e d  the r o ta t in g  specimen method. In 
th is  technique the two apertures and the sample are in a s t r a ig h t  
l in e  and the sample is ro ta ted  about a f ix e d  ax is .  The coincidence 
counting ra te  is recorded as a funct ion  of  the angle o f  r o ta t io n  
o f  the sample.
The other method is an angular c o r r e l a t io n  method where the 
sample is s ta t io n a ry  and one o f  the detectors  is moved as in the 
long s l i t  method. Because a small aperture  is used, the momentum 
of the detected a n n ih i la t i o n  is more r e s t r i c t e d  than w ith  the long 
s l i t .  In add i t io n  to se le c t in g  a p a r t i c u la r  value o f  Pz as is 
done with  long s l i t s ,  a p a r t i c u l a r  value o f  is a lso se lected.
The two photon angular d i s t r i b u t i o n  funct ion measured by the 
conventional long s l i t  geometry is given by
N<PZ) ■ JT »(?> dPx dPy 
- 0 0  7
where o(P) is the p r o b a b i l i t y  that  the a n n ih i la t i o n  photons have a
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t o t a l  momentum P. When a rectangular  aperture  is used the angular  
d i s t r i b u t i o n  funct ion  becomes
The coincidence counting ra te  is th e re fo re  proport iona l  to  a distance  
through the Fermi surface.  Because o f  the f i n i t e  s ize  o f  the apertures  
a l l  three methods measure appropr ia te  volumes o f  the Fermi surface  
ra ther  than an area or a dis tance.
The important d i f f e re n c e  between long s l i t  and rectangular  
paerture  geometries is that  the l a t t e r  d i r e c t l y  re s u l ts  in a p r o f i l e  
o f  the Fermi surface .  The rectangular  aperture  geometry can measure 
more of  the f in e  s t ruc tu re  o f  the Fermi surface than the long s l i t  
geometry can.
The disadvantage of  the rectangular  aperture  geometry is that  
a small s o l id  angle is subtended by the d e tec to r .  The number of  
coincidences recorded is the re fo re  reduced and the s t a t i s t i c a l  
sca t te r  o f  the data is increased. This problem is a l l e v i a t e d  by 
the use of  a higher a c t i v i t y  source of  pos it rons.
C. Positron Sources.
22
Of the three sources o f  posit rons a lready mentioned Na is by
22
f a r  the most e f f i c i e n t .  Ninety percent o f  the decays of  Na are 
by the emission of  a pos i t ron .  Sodium-22 is a lso  the longest
22
l ived  of the three sources w ith  a h a l f - l i f e  of  2 .6  years.  A Na
source has the drawback that  i t  is not a v a i l a b le  in large q u a n t i t i e s .
22A source strength of  30 mCi is considered a large Na source.
22
Another disadvantage is that  Na is expensive ( about$200/mCi) .
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Copper-64 is the next most e f f i c i e n t  pos it ron  source. Only 19%
64of  the d is in te g r a t io n s  o f  Cu re s u l t  in the product ion o f  a pos i t ron .
The h a l f - l i f e  o f  Copper-64 is only 12.8  hours. In sp i te  o f  these 
64drawbacks Cu is a very useful pos it ron  source. I t  can be obtained
very e a s i l y  in large a c t i v i t i e s  (severa l  c u r i e ) .  Copper-64 is
63produced by the i r r a d i a t i o n  of  n a t u r a l l y  occuring Cu in the
neutron f lu x  o f  a nuclear reac tor .  Atoms of  C u ^  capture a neutron
64 64and become Cu . Because o f  the ease o f  the production of  Cu i t
is very useful in the study of  copper and i t s  a l lo y s .  The sample
i t s e l f  is a lso the source o f  posit rons and hence very e f f i c i e n t
use is made of  a l l  the posit rons generated. Only those posit rons
produced near the surface are lo s t .  Because the pos it rons are
produced and a n n ih i l a t e  inside the sample, the q u a l i t y  of  the
surface o f  the sample is not very important.
64The main drawback to the use o f  Cu is the short h a l f - l i f e  .
The decay o f  the source must be taken into  account when the data is
analyzed. This decay cor rec t ion  is discussed in the Appendix.
Coba l t -58 ,  as a source of  pos i t rons ,  has the disadvantages of
both o f  the other  sources. I t  is not a v a i l a b le  in large q u a n t i t ie s
and the cost is more than C u ^ ,  though not as high as N a ^ .  I t  is
the least  e f f i c i e n t  source. Only 15% of  the d is in te g r a t io n s  y ie ld
58a pos it ron .  The h a l f - l i f e  of  Co is 71.3  days. The main
58disadvantage o f  a Co source is tha t  a safe sealed package for  i t  
is not a v a i l a b le  and hence i t  is very d i f f i c u l t  to handle.
I I I .  EXPERIMENTAL PROCEDURE
A. Samples.
The copper-n Ickel  s ingle  c ry s ta l  samples used in these 
experiments were purchased from Ventron E lec tron ics  Corporat ion.
Six d i f f e r e n t  a l lo y  samples were obtained.  For each o f  three  
d i f f e r e n t  concentrations o f  n ickel  in copper we obtained two samples 
in d i f f e r e n t  c r y s ta l lo g r a p h ic  o r i e n t a t io n s .  The three concentrations  
were 10, 50, and 90 percent n ickel  in copper. For the sake of  
s im p l i c i t y  I w i l l  r e f e r  to the concentrations as 9 0 /1 0 ,  50 /50 ,  and 
10/90. The 90/10 and 50/50 samples were rectangular  p a ra l le la p ip e d s  
with dimensions .1 x .25 x .25 inches. For each concentrat ion one 
o f  the two samples was o r ien ted  so that  a ( i l l )  d i r e c t io n  was out of  
the large faces and a (110)  d i r e c t io n  was out one o f  the small faces.  
In the other  sample these two d i re c t io n s  were reversed.  The 10/90 
samples were not as re g u la r ly  shaped as the other samples but each 
did have two sets o f  p a r a l l e l  faces and these samples did have the 
same maximum dimensions as the o thers .  The o r ie n t a t io n s  were the 
same as the other  p a i r s .
Measurements were a lso  made on pure copper samples. These 
samples were spark cut from a s ing le  c rys ta l  which was grown from a 
bar of  copper w ith  a p u r i t y  o f  99.999%. The c rys ta l  was grown by 
placing the bar o f  copper in a graph ite  boat which was placed in a 
furnace and the temperature was ra ised to  1150°C. A hydrogen atmos­
phere was provided in order to prevent ox ida t ion  o f  the copper.
A f te r  the copper melted the temperature was very slowly lowered to 
975°C and then the furnace was turned completely o f f .  The copper 
then cooled slowly down to 750°C. At th is  point  the furnace was
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opened and the copper qu ick ly  cooled to room temperature. This 
procedure resu l ted  in a large s ing le  c r y s t a l .  One sample was cut 
from th is  c r y s t a l .  I t  was cut to  the same dimensions as the 90/10  
and 50/50 samples. A (110)  d i r e c t io n  was out o f  the large face  
and a (111)  d i r e c t io n  was out of  one o f  the small faces .
The o r ie n ta t io n s  of  a l l  the samples were checked by X-ray  
d i f f r a c t i o n  and found to be in the correc t  o r i e n t a t i o n .
The mass o f  each of  the samples was measured and these values  
are recorded in Table I .
B. Experimental Apparatus.
1. E le c t r o n ic s .
The e le c t r o n ic  arrangement was ty p ic a l  of  angular c o r r e la t io n  
systems. The e le c t r o n ic  c i r c u i t  is shown in block form in Figure 5. 
The a n n ih i la t i o n  photon a r r i v i n g  at  each end o f  the apparatus was 
absorbed by the Nal(T£)  s c i n t i l l a t o r  and the r e s u l ta n t  l ig h t  f lash  
was detected by RCA model 63^+2-A p h o to m u l t ip l ie r  tubes. The signal  
from the p h o to m u l t ip l ie r  was fed in to  a p r e a m p l i f i e r  (Hamner model 
NB — 12).  This p r e a m p l i f i e r  has a vol tage gain o f  about 3. There 
were two p h o to m u l t ip l ie r  tubes and at tached p re a m p l i f i e rs  on each 
arm of  the angular c o r r e la t io n  apparatus. The outputs o f  the two 
p re a m p l i f ie rs  on each end were connected in p a r a l l e l  and the 
resu l tan t  signal was fed in to  a double-delay l in e  l in e a r  a m p l i f i e r .
The amplitude o f  th is  signal is proport ional  to the energy lost  by 
the y - r a y .  The double delay l in e  (Hamner model NA-12) converted  
the incoming pulse into  a b ip o la r  pulse which was s t i l l  proport ional  
to the energy loss of the y - r a y .  The b ip o la r  pulse was symmetric
TABLE 1
Or ien ta t  ion
Max. A c t i v i t y
1
’ " ' ~ * —I" -  •
10/90 < 1 1 0 .97 .83
2 10/90 <110> .97 .807
3 90/10 < m > 7.1 .922
k 90/10 <110) 7.1 .965
5 50/50 < n O 8 . 5 * .915
6 50/50 <1 io> k.O .906
7 Pure Copper < m > 15 .0* .86k
7-A* Pure Copper < 1 1 0 6 . 0 * .352
I r r a d i a t i o n  at  U n iv e r s i t y  of  Missouri  (A l l  others at Georgia Tech)
































about the zero crossover point  which provided the time i d e n t i f i c a t i o n
fo r  the pulse. The b ip o la r  pulse was fed in to  a pulse height
analyzer  (Hamner model NC-14). The pulse height  ana lyzer  was set
to accept pulses with  amplitudes between 2 and 7 v o l t s .  The .511
HeV gamma w i l l  produce a pulse o f  5 v o l ts  maximum under normal
operat ing  condit ions .  The s e t t in g  on the pulse he ight  analyzers
allowed pulses from the a n n i h i l a t i o n  gammas to  be accepted but did
not a l low pulses from other  sources such as cosmic rays and the
641.34 HeV gamma ray emit ted  in the decay o f  Cu to  be accepted.
The pulse height  analyzers  generated a uniform output pulse  
at the time o f  the zero crossover po in t  o f  the input pulse.  This 
pulse was independent of  the energy of  the input pulse but c a r r ie d  
the time of  the o r ig in a l  pulse.  From the pulse height  analyzer  the 
signal was fed into  a fas t  ramp coincidence module (Hamner model 
NL-16).  I f  pulses from both arms a r r iv e d  w i th in  a preset  time 
in te rv a l  a pulse was sent to  a sca ler  (Hamner model NS-11)  where a 
count was reg is te red .  A l in e a r  ra te  meter (Hamner model NR-IO) 
was connected to an output of  each o f  the pulse he ight  analyzers  to 
provide a monitor on the t o t a l  number of  pulses seen by each o f  the 
s c i n t i l l a t o r  p a i r s .  The counting t ime a t  each p o s i t io n  was 
determined by an e le c t r o n ic  c lock (Nuclear  Data model ND-536) . At 
the end of the pre set in te rv a l  the c lock sent s ignals  to  the sca ler  
and to a motor which moved one set o f  s c i n t i l l a t o r s .  The pulse to 
the scaler  stopped the counting and caused the sca le r  to t ra n s fe r  
the number of  counts into  a p r i n t e r  (Hewle tt  Packard model 562-A) 
where th is  number was recorded. When the movable s c i n t i l l a t o r  
ar r iv e d  at the next p o s i t io n  the sca ler  reset i t s e l f  to zero,  the
22
clock s ta r te d  t im ing,  and the sca le r  began counting coincidences again.
2. Angular C o r re la t io n  Apparatus.
A modified long hor izon ta l  angular c o r r e l a t io n  apparatus was used 
to gather the data reported here, (see Figure 6 ) .  The apparatus  
consisted of  two sets of  Nal(T£)  s c i n t i l l a t o r s  which were shielded  
from a n n ih i la t i o n  r a d ia t io n  by three inches o f  lead and from a l l  o ther  
r a d ia t io n  by at  leas t  two inches o f  lead.
One set o f  s c i n t i l l a t o r s  ( S ' )  was placed on a s ta t io n a r y  ta b le  
250 inches from the center  of  the system. The other  set o f  s c i n t i l ­
l a to rs  (S) was mounted on a tab le  th a t  could be moved v e r t i c a l l y .
This tab le  was a lso  placed 250 inches from the center  o f  the system.
The movable tab le  was connected to the center  o f  the system (M) by a 
pivoted arm. The tab le  was moved up and down by a screw d r iv e r  by a 
motor. Each h a l f  turn o f  the motor changed the angle SMS' by 0.1 
m i l l i r a d i a n .  The center  of  the system was between the pole faces 
of  a magnet. The magnet was not used in th is  research except for  
support and sh ie ld in g .  The e n t i r e  system was automated so that  the 
tab le  could be set to  stop at any o f  500 pos i t ions  0.1 m i l l i r a d i a n s  
apart .  Approximately h a l f  of  these pos i t ions  were on e i t h e r  side  
of the a l l ignment corresponding to  the angle SMS' equal to 180°.
The master control  system had a board which contained 500 
m in iature  phone jac k s ,  each corresponding to a s p e c i f i c  p o s i t io n  of  
the movable ta b le .  Placing a diode across the termina ls  o f  one of  
the phone jacks caused the tab le  to  stop at that  desired p o s i t io n .
The appropr ia te  angles where data were to be taken were selected  
and diode switches were inserted in the corresponding holes on the 
control board. L imit  switches were set on the motor. These switches





were set so that  when the movable tab le  passed the highest preset  
p o s i t io n  the motor would reverse and lower the ta b le  to  below the 
lowest preset  p o s i t io n .  Another l i m i t  switch would again reverse  
the motion of  the tab le  and move the s c i n t i l l a t o r s  to  the i n i t i a l  
preset p o s i t io n .  At th is  p o s i t io n  the tab le  would stop and the 
e le c t r o n ic  system would begin counting coincidences.  At the end 
of  the preset counting time the motor moved the ta b le  to  the next  
designated p o s i t io n  and the process repeated.
Each pass through a l l  the preset  points was c a l l e d  a scan. The 
number of  scans for  each sample was determined by the h a l f - l i f e  o f  the 
source. The sample was scanned fo r  about k h a l f - l i v e s  o f  Copper-64 
(approximately  2 days).
During the e n t i r e  time o f  the run a recorder (L & N Speedomax W) 
kept a continuous record of  the count ra te  o f  each s c i n t i l l a t o r  p a i r  
and a record o f  the coincidence counts at  each stop. This was done so 
that  the h is to r y  of each run could be invest iga ted  i f  odd resu l ts  were 
detected.
The conventional long s l i t s  were replaced w i th  smal ler  
rectangular  apertures .  Two p a i rs  o f  these s l i t s  were used (see 
Figure 7 ) .  S l i t s  1 and 2 act as a rectangular  aperture  system 
in te g ra t in g  in the 1-2 d i r e c t io n  and s l i t s  3 and k act  s i m i l a r l y  in 
the 3-4  d i r e c t io n .  The angular separat ion (cente r  to  center)  o f  
adjacent  s l i t s  (1 and 3 or  2 and 4) is 30 mrad or 1 .72 ° .  Thus the 
1-2 and 3 -4  d i re c t io n s  dev ia te  from the y - d i r e c t i o n  by 0 . 8 6 ° .  Since 
the angular width of  the Fermi surface neck in copper is 20°  each 
p a i r  of s l i t s  can be assumed to in tegra te  in the y - d i r e c t i o n .
While time coincident  photons normally w i l l  en ter  e i t h e r  p a i r  1-2 




a n n ih i l a t i o n  to enter  s l i t s  1 and k or 2 and 3. For t h is  type of  
coincidence to occur the photon p a i rs  must have d i re c t io n s  which 
d i f f e r  from 180° by 30 mrad. In order fo r  an a n n ih i l a t i o n  to emit  
photons in d i re c t io n s  d i f f e r i n g  from 180° by 30 mrad the momentum 
of  the a n n ih i la t i n g  p a i r  must be about f i v e  times the Fermi 
momentum in copper.  I t  is very u n l i k e ly  tha t  an a n n ih i la t in g  
e lec t ro n  in a metal w i l l  have f i v e  t imes the Fermi momentum and 
hence i t  is very improbably tha t  co incident  photons w i l l  have 
direct ions d i f f e r i n g  from 180° by 30 mrad.
The rectangular  s l i t s  were .2  inches high and .5 inches wide.  
These s l i t s  were constructed by p lac ing  .2  inch th ic k  lead spacers 
in the regular  long s l i t  apparatus.  These lead spacers l e f t  .5 
inch wide openings in the appropr ia te  p laces.  In the type of  
measurement where the ta rg e t  is a lso the source o f  pos i t rons ,  the 
dimensions o f  the source-sample must be taken in to  account in 
c a lc u la t in g  the t o ta l  geometrical reso lu t io n  o f  the system. I f  
the c rys ta l  is considered to be made up of  many th in  layers and the 
c o n tr ibu t ion  from each o f  these layers is added, the resu l tan t  over ­
a l l  reso lu t ion  funct ion fo r  the f u l l  s ize  samples are approximately  
1.0 and 2 .6  mrad f u l l  width at  h a l f  maximum for  the v e r t i c a l  and 
hor izonta l  r e s u l t io n  funct ions ,  re s p e c t iv e ly .
Because al ignment is c r i t i c a l  in rectangular  aperture  geometry, 
the detectors were removed from behind the s l i t s  and a small laser  
was used to make the f in a l  adjustments. The laser  beam was d i rec ted  
from one s l i t  to the appropr ia te  s l i t  on the opposite end o f  the 
apparatus. A check was mdde to  ensure that  the laser  beam passed 
through the center  of  the system.
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3. Sample Mounting.
The samples were mounted at  the center  of  the system on a copper 
sample holder .  The holder was in two par ts  and is p ic tu red  in 
Figure 8.  Part A was glued to the lower pole face o f  the magnet.
Part B was notched so that  i t  could be s l ipped  onto par t  A in a 
predetermined o r i e n t a t i o n .
The al ignment o f  the sample holder was performed in the fo l low ing  
manner: A galvanometer lamp assembly was pos it ioned  between the
c o l l im a to r  and the detector  on the f ix e d  end o f  the apparatus  
(C1 and S' in Figure 6 ) .  The lamp was adjusted so tha t  the l ig h t  
went down the center  o f  the system. A small m ir ror  was attached  
to a side o f  the pedestal in par t  B of  the sample holder  and the two 
parts  of  the sample holder jo in e d  together were placed on the lower 
pole face of  the magnet. The holder was adjusted so tha t  the l ig h t  
was r e f le c te d  o f f  the m irror  back along the center  l in e  of  the  
system. In th is  con f iguat ion  the m ir ro r  was perpendicular  to the 
center l in e  o f  the system. Part  A of  the sample holder  was then 
glued down in th is  o r i e n t a t i o n .  A f te r  the glue dr ied  par t  B o f  the 
holder could be removed and replaced in the same o r i e n t a t i o n .  The 
sample could then be placed in the sample holder and set in the 
correct  o r i e n t a t i o n  in the magnet.
The pedestal was made of  p o l y c r y s t a l l in e  copper.  Some of the 
posit rons produced near the surface of  the sample escaped from the 
sample and a n n ih i la te d  in the pedesta l .  These posit rons a n n ih i l a t i n g  
in the pedestal y ie lded  a broad p arab o l ic  d i s t r i b u t i o n  in d ic a t iv e  of  
p o ly c r y s t a l l in e  copper.*^  Since the mean range o f  posit rons in copper
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pedestal was small and the c o n t r ib u t io n  to  the momentum d i s t r i b u t i o n  
was n e g l i g ib le .
C. Data Gathering Procedure.
1. I r r a d i a t i o n  In fo rm at ion .
The sanples were made in to  pos it ron  e m i t te rs  by i r r a d i a t i o n  
in a f lu x  o f  thermal neutrons in a nuclear reac tor .  In order to 
obta in  adequate s t a t i s t i c s  c e r t a in  co n stra in ts  had to be placed on 
the reac tor .  Radia t ion  had to  be a v a i l a b le  continuously fo r  about 
2k hours. Twenty-four hour i r r a d i a t i o n  was chosen because th is  
i r r a d i a t i o n  would y i e l d  approximately 3 /k  o f  the t o t a l  possib le  
a c t i v i t y .  I r r a d i a t i o n  fo r  longer per iods o f  time would not s i g n i f i ­
can t ly  increase the a c t i v i t y  and shorter  per iods would not y ie ld
enough a c t i v i t y .  The next c o n s t ra in t  was tha t  the neutron f lu x
6khad to be s u f f i c i e n t  to produce a substant ia l  amount o f  Cu
The f in a l  con s tra in t  was that  the reactor  had to  be close enough
to  a major a i r p o r t  so tha t  the sample could be a i r  expressed to
Baton Rouge or New Orleans as qu ick ly  as possib le .  This quick
6k
d e l iv e r y  was necessary because o f  the short h a l f  l i f e  of  Cu
The research reac tor  at  Georgia Tech f i t  these three c r i t e r i a .
The f i r s t  ten i r r a d ia t io n s  were performed at  the Georgia Tech 
reac to r .  The samples were placed in a small po lyethelene capsule 
and cushioned with aluminum f o i l .  The capsule was placed in a 
lead conta iner  and the conta iner  was placed in a plywood box.
The plywood box was a i r -expressed  to Georgia Tech where the sample 
was i r r a d ia t e d .  The lead p ig  and the plywood box were constructed  
to  meet A.E.C. s p e c i f ic a t io n s  for  shipping up to 30 Curies of  rad io -  
act iv i  ty .
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A f te r  i r r a d ia t i o n  fo r  2k hours the samples were a i r -expressed  
to e i t h e r  New Orleans or Baton Rouge depending on the a v a i l a b le  
f l i g h t s .  In e i t h e r  case the sample was picked up a t  the a i r p o r t  
and was in the measurement apparatus w i t h in  8 hours a f t e r  i t  was 
removed from the reac tor .
The Georgia Tech reactor  has a maximum a v a i l a b le  f lu x  of  
13 21.5 x 10 neutrons/cm .sec. The a c t i v i t i e s  fo r  the a l l o y  samples 
i r r a d ia t e d  at  Georgia Tech are given in Table I .
A f te r  10 samples were i r r a d ia t e d ,  Georgia Tech discont inued
2k hour per day opera t ion .  I t  then became necessary to seek a new
source of neutrons. F o r tu n a te ly ,  the U n iv e rs i ty  o f  Missouri at
Columbia had ju s t  begun operat ion  of  a high f l u x  reac tor .  The
maximum f lu x  a v a i la b le  at the U n iv e rs i ty  o f  Missouri  is 5 x 10*^
2
neutrons/cm .sec. Arrangements were made to  have samples i r r a d ia t e d  
in the U n iv e rs i ty  o f  Missouri  reac to r .  The pure copper samples and 
one of  the a l lo y  samples were i r r a d ia t e d  there .  The re s u l t in g  
a c t i v i t i e s  are a lso recorded in Table 1.
The shipping procedure at  the U n iv e rs i ty  o f  Missouri  was 
s l i g h t l y  d i f f e r e n t .  The sample was removed from the reactor  and 
held for  about 6 hours before shipment, to a l low  fo r  the decay o f  
short l ive d  ra d io - is o to p e s . The sample was again picked up at  the 
a i r p o r t  and was in the measurement apparatus 16 to 20 hours a f t e r  
i t  was removed from the reactor .
2. Radia tion S a fe t y .
The i r r a d ia t e d  sample was removed from the lead conta iner  
behind a wall  of lead b r icks .  One of the br icks  was of  lead glass.
The sample was placed in the desired o r i e n t a t i o n  on the sample hoide 
(p a r t  B, Figure 8 ) .  The sample holder  w i th  the sample at tached was 
qu ick ly  but c a r e f u l l y  removed from behind the lead wall  and placed
in a lead c o f f i n  on a r o l l i n g  ta b le .  The ta b le  was r o l le d  over to
the manget and the sample holder was qu ick ly  but c a r e f u l l y  placed  
on part  A o f  the holder (F igure  8) which had been prev ious ly  glued 
in place on the lower pole face o f  the magnet. In a l l  cases th is  
procedure l im i te d  the unshielded exposure of  the sample handler to 
no more than 8 seconds.
Lead br icks  were stacked around the magnet as s h ie ld in g  from 
the r a d ia t io n  of  the source. There were s l i t s  in the appropr ia te  
places to a l low  the a n n ih i la t io n  r a d ia t io n  to reach the detectors .
The cumulative ra d ia t io n  dosage was monitored by monthly f i l m  
tadges. During the handling o f  the hot source capaci tor  discharge  
dosimeters were worn and were checked immediately a f te rw ard .  At 
no time was a p o t e n t i a l l y  dangerous dose detected.
3. Preparat ion fo r  data ta k in g .
Before each run could be s ta r te d  the e le c t r o n ic  equipment
was al lowed to warm up fo r  a few hours. The s p e c i f i c  stops for  the 
c o r r e la t io n  apparatus were selected and the diode switches were 
inserted in the corresponding holes.  A quick scan by the apparatus  
ensured that  the data would be taken at the selected pos i t ions .
The coincidence time had to be set on the coincidence mocule.
A resolv ing time between 15 and 30 nanoseconds was selected and 
set on the module. In th is  range the e f f i c i e n c y  of de tec t ing  
coincidences was e s s e n t ia l l y  1007. and the acc identa l background
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was always less than 8% o f  the decay corrected t o t a l  for  the midpoint  
of  the data.
The count t ime a t  each stop had to be set on the t im er .  Because
64Cu has a short h a l f  l i f e ,  a short count time was desired at each 
point  so that  the source would not apprec iab ly  decay during the 
counting a t  each p o in t .  A count time o f  240 seconds was more or 
less a r b i t r a r i l y  chosen to meet t h is  c r i t e r i o n .
When a l l  these prepara t ions had been completed and the sample 
was in place in the center  of  the system, the run was ready to be 
s ta r te d .  At th is  point  a measurement was made o f  the acc identa l  
background. The pulse height  analyzers  have a v a r ia b le  delay that  
must be balanced against each o ther  to detect  actual  coincidences.
To measure the acc identa l  background the delay on one of  the pulse 
height analyzers was set at  zero and the delay on the other  was set 
at  200 nanoseconds. Coincidences were then counted for  240 seconds. 
The number of  coincidences is taken to  be the acc identa l  background 
fo r  the f i r s t  point  on the f i r s t  scan. The acc identa l  background 
fo r  a l l  other  points can be c a lcu la ted  from th is  va lue.  The procedure 
fo r  these c a lc u la t io n s  is given in the Appendix. A f t e r  th is  measure­
ment had been completed, the delays on the pulse height  analyzers  
were returned to the normal value and the r jn  was s ta r te d .
As was mentioned above, the run was terminated approximately
two days a f t e r  i t  was s ta r te d .  This corresponds to about 4 h a l f  
64l iv e s  of  Cu . A f te r  4 h a l f  l i v e s  94% of the possib le  a n n ih i la t io n s  
had taken place and no s i g n i f i c a n t  improvement in the s t a t i s t i c s  
could be gained by fu r th e r  data tak ing.
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k.  Post-Mortem.
Some o f  the samples were i r r a d ia t e d  more than once in order  
to  check the r e p r o d u c ib i l i t y  o f  the angular c o r r e l a t io n  curves.
These c r y s ta ls  were checked for  s t r u c tu r a l  damage by back s c a t te r in g  
of  X-rays .  No r a d ia t io n  damage was v i s i b l e  in the resu l tan t  laue 
pat te rns .
The c ry s ta ls  were a lso  checked with  the y - r a y  spectrometer o f  
the Nuclear physics group at  L.S.U.  fo r  im pur i t ies  produced during
the i r r a d i a t i o n .  These te s ts  showed only very minute im p u r i t ie s ,
,  A 110m . . 198notably Ag and Au
IV. EXPERIMENTAL RESULTS
A. Data Reduction.
As has been mentioned, data was taken fo r  approximately 48 
hours on each run. Coincidence counts were recorded at 29 to 52 
angular p o s i t ion s .  The exact number and placement o f  these stops 
was var ied  in accordance with  the information sought in each run.
In the 48 hour data tak ing per iod ,  11 to  16 scans were made. A f te r  
the run was completed the coincidence count t o ta l  at  each point  
was computed. This set of  coincidence count t o t a ls  w i l l  be c a l l e d  
the raw data.
The raw data had to be correc ted fo r  acc identa l  background 
and fo r  the decay of  the source during the tak ing o f  the data.
The procedure for  these correc t ions  is expla ined in the Appendix.
The decay correc ted ,  background subtracted data obtained from 
the various samples are shown in Figures 9 and 10. These angular-  
c o r r e la t io n  curves for  each a l lo y  show the data fo r  the fo l low ing  
o r ie n ta t io n s :  a) for  the data marked O i l ) ,  the d i r e c t io n  of  the
r a d ia t io n  is p a r a l l e l  to  a [ i l l ]  c ry s ta l  d i r e c t io n  and the component 
o f  the momentum is p a r a l l e l  to  a [110]  d i r e c t i o n ,  and b) for  the 
data marked (1 1 0 ) ,  the d i r e c t io n  of  the ra d ia t io n  is p a r a l l e l  to a 
[110]  c rys ta l  d i r e c t io n  and the component o f  the momentum is 
p a r a l l e l  to a [ 111]  d i r e c t io n .  The d i s t r i b u t io n s  for  both 
o r ie n t a t io n s ,  (111)  and (1 1 0 ) ,  are shown normalized to the same 
value at one h a l f  the Fermi momentum.
These sets of data can be used to  obta in  information about 






















i l l u s t r a t e d  in Figure I I .  I t  is e s s e n t ia l l y  a sphere w i th  necks
3 18reaching out to contact the zone boundary in the (111)  d i r e c t i o n . ’
19The Fermi surface o f  n ickel  is s im i la r  to copper. I t  there fo re  
seems log ica l  to  assume that  the Fermi surface of  the a l lo y  is 
s im i la r  in shape. The cross section of  a l l  these Fermi surfaces 
is nea r ly  c i r c u l a r  except in the v i c i n i t y  o f  the necks.
In a l l  three a l l o y  samples a d i f f e r e n c e  between the data near 
© -  0 for  the two o r ie n t a t io n s  is r e a d i ly  detected.
The high angle t a i l  is a t t r i b u t e d  to  a n n ih i la t io n s  w ith  M-shel l  
e lec t ro n s ,  possib ly  enhanced by higher-momentum components of  
conduction e lect rons Bragg r e f l e c t e d  in to  the second zone. The 
e f f e c t  o f  a n n ih i la t io n s  w ith  M-shel l  e lec t rons  has been ca lcu la ted .^®  
The d i s t r i b u t i o n  due to these a n n ih i la t io n s  is approximated by a 
Gaussian f i t t e d  to  the large angle data.  By sub trac t ing  th is  
Gaussian from the decay correc ted data the e f f e c t  of  the core 
e lectrons can be la rg e ly  e l im in a ted .
The data now represent only a n n ih i la t io n s  with  e lectrons  
w ith in  the Fermi surface.  This data can now be renormalized to  f i t  
a c i r c l e .  The d i s t r i b u t io n s  p lo t te d  in th is  way y i e l d  cross sectional  
views o f  the Fermi surfaces.  Figures 12 and 13 show the data  
p lo t te d  in th is  manner. In a l l  three a l lo y s  the data fo r  the (110)  
samples fo l low  the c i r c l e  except at  angles greater  than 5 mrad.
The data fo r  the (111)  samples r is e  above the c i r c l e  near © »  0,  
which corresponds to the (111)  d i re c t io n s  of the crys ta l  l a t t i c e .
This bump in the (111)  d i r e c t io n s  is ascribed to the necks of the 
Fermi surface. Except for  t h is  region near © »  0 the (111)  samples
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have the same d i s t r i b u t i o n  as the (110)  samples. The poor f i t  o f
the 10/90 data to the c i r c l e  is a t t r i b u t e d  to  poor s t a t i s t i c s .
The measurement apparatus is not a po in t  de tec tor  but a c t u a l l y
gathers data through a small rectangu lar  opening. The geometrical
reso lu t ion  w i l l  cause the data to be somewhat smeared. In sp i te
o f  the lack of  sharpness some conclusions can s t i l l  be made about
the features  o f  the Fermi surface .
The data obtained from the pure copper sample can be used to
determine the e f f e c t s  o f  the geometrical  reso lu t io n  of  the
detect ion  apparatus. The radius o f  the Fermi surface neck of  pure
copper obtained from magnetoacoustic e f f e c t  measurements is 1.05 
21 22
mrad. * A comparison o f  the data fo r  the three a l lo y  samples 
w ith  the data for  the pure copper shows tha t  a l l  four samples 
e x h ib i t  the same form in the region near © «  0. In each case the 
bump ascribed to the neck o f  the Fermi surface extends to 1 mrad 
before the data begin to approach the c i r c l e .  A l l  three a l lo ys  
th e re fo re  e x h ib i t  the same radius fo r  the neck as pure copper 
(about 1 mrad.) .
The radius o f  the b e l l y  is observed to  change with  the change 
in the r e l a t i v e  concentrat ion o f  the con s t i tu e n ts .  As the p e r ­
centage of  n ickel  increases, the b e l l y  radius decreases. This is 
to be expected from the fa c t  that  the r e l a t i v e  number of  conduction  
e lec trons  is decreasing as nickel  atoms are sub st i tu ted  fo r  copper 
atoms. The exper im enta l ly  determined values for  the d,imenslorfS 
of  the Fermi surfaces are given in Table 2. The e r ro rs  in the b e l l y  
radius measurements are the re s u l ts  o f  a least  square f i t  o f  the 
data to a c i r c l e .
Al loy  Concentration
TABLE 2





Co i nc idence 
(coun ts /po in t )
Pure Copper 5 .35± .07 1 . 0 * 38,000
90/10 5 .35± .03 ~ 1 .0 J+2,000
50/50 5 .20± .05 ~ 1 .0 30,000
10/90 *+.95±. 13 ~ 1 .0 5,700
R e f e r e n c e  8
4 3
At angles near © ■  5 mrad the data again depart from the c i r c l e .
This lack of  a sharp d is c o n t in u i ty  in the slope a t  the Fermi momentum
has been observed in other  metals .  The cause o f  t h is  smearing has
been va r ious ly  a t t r i b u t e d  to breakdown of  the f re e  e le c t ro n  behavior
23near the zone boundary, to a broadening of  the wave number in an 
24a l l o y ,  and to the existence of  a n n ih i la t io n s  w ith  conduction  
electrons which have been Bragg r e f l e c t e d  in to  the second B r i l l o u i n  
z o n e . ^ ’ ^  The data presented here can o f f e r  no new ins ight  in to  the 
so lu t ion  of  t h is  question as few o f  the data points  were in the 
region of  the Fermi momentum ( ©  •  5 to  6 mrad).
B. Two other  experiments.
In add i t io n  to the experiments a lready described two add i t iona l  
experimental arrangements were t r i e d .  The f i r s t  was an attempt to  
look s p e c i f i c a l l y  at the Fermi surface necks.
As has been expla ined in Sect ion I I . B . 3  the rectangular  s l i t  
apparatus looks at  a rectangular  volume through the Fermi surface.
In the experiments a l ready described above was chosen to be zero.  
For two runs was set to correspond to  5 .5  mrad. The change in 
the x component of  the momentum was accomplished by moving one of  
the rectangular  s l i t s  in each p a i r  h o r i z o n t a l l y  so that  the angle  
that  the two s l i t s  made with the source d i f f e r e d  from 180° by 
5.5  mrad. (see Figure 14).
This type o f  geometry was used w ith  a pure copper sample and 
a 50/50 sample. The samples, a f t e r  i r r a d i a t i o n ,  were placed in 
the apparatus so tha t  a [111]  c rys ta l  d i r e c t io n  was in the x 
d i r e c t io n  of the apparatus. With th is  arrangement the data  




resu l ts  of  the two runs were corrected fo r  the decay o f  the source,  
the accidenta l  background was subtracted ,  and a Gaussian f i t  to  the 
large angle data was subtracted to  remove the e f f e c t  due to the 
core e lec t rons .  The f i n a l  re s u l ts  are p lo t te d  in Figure 15.
There is no s i g n i f i c a n t  d i f f e r e n c e  between the data fo r  the 
pure copper and the data fo r  the 50/50 samples. This is in keeping 
w ith  the previous conclusion th a t  the radius o f  the necks o f  the 
Fermi surfaces fo r  a l l  the a l lo y s  is the same (approximately  1 mrad).
The second a d d i t io n a l  experiment was a low temperature run on 
the 50/50 sample, at  room temperature the 50/50 sample is para­
magnetic.  The Curie point  fo r  t h is  sample was determined to  be 
well  below room temperature but above 77°K. This add i t io n a l  run 
was made at a temperature below the Curie point  to determine i f  
the Fermi surface changed when the sample made the t r a n s i t i o n  
from ferromagnet ic to  paramagnetic behavior.
The (111) sample was placed in a sample holder which is
26capable o f  cooling the sample to near l i q u id  n i trogen temperatures.
The sample was cooled to 85°K and the data was taken w ith  the 
geometry of  ■ 0.
The data were corrected for  the decay o f  the source, the 
accidenta l background was removed, and a Gaussian was subtracted  
to remove the co n t r ib u t io n  due to  core e le c t ro n s .  The re s u l t in g  
data points  were renormal ized to f i t  a c i r c l e .  The p lo t  is shown 
in Figure 16 along with  the data from the same c ry s ta l  at  room 
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F i g u r e  16
V. SUMMARY AND CONCLUSION
The two main re s u l ts  of  th is  study o f  the copper-n ickel  a l lo y s  
are the change observed in the b e l l y  radius and the constancy of  the 
radius o f  the neck o f  the Fermi surface.
I t  is very d i f f i c u l t  to  account fo r  these fac ts  w ith  any 
e x is t in g  theory.  The r i g i d  band model can be used fo r  very d i l u t e  
a l lo y s .  This model p red ic ts  that  the Fermi surface o f  the 90/10  
a l lo y  w i l l  be very s im i la r  to  the Fermi surface o f  pure copper.  
Comparison of  the data for  these two composit ions (Table  2 and f ig u re  
12 and 13) shows tha t  there is no s i g n i f i c a n t  d i f f e r e n c e  between them. 
The data ,  th e r e fo r e ,  are in accord w i th  the r i g i d  band model or at  
least  the resu l ts  do not c o n t ra d ic t  i t  fo r  the 90 /10  a l l o y .
The 50/50 a l lo y  shows a decrease in the b e l l y  radius but the neck
radius remains the same as the 90 /10  a l l o y .  Since the r ig id -band
model p red ic ts  tha t  the neck radius should decrease, t h is  nondecrease
in the neck radius seems to ind ica te  th a t  the r ig id -band  model cannot
apply to t h is  n o n -d i lu te  a l l o y .  This conclusion is in accord with the
28 29observat ion o f  other  exper imenters. ’
The data from the 10/90 a l lo y  show a s c a t te r in g  due to low 
numbers of  detected coincidences.  (The low number o f  coincidences is 
due to  the small amount of  copper in t h is  a l lo y  and hence the small 
number of posit rons produced).  I t  is s t i l l  possib le  to discern the 
presence of  a bump in the (111)  d i r e c t io n .  This bump, ascr ibed to the 
Fermi surface neck, is s im i la r  in height  and width to  the bumps for  
the other a l lo y s .  The neck radius o f  the 10/90 a l lo y  is there fo re  
ascerta ined to be 1.0 mrad.
The existence of  th is  wide neck a t  the low copper concentration
k8
ks
may ind ica te  tha t  some residual fea tures  o f  the band s t ru c tu re  of  
copper p e r s is t  a t  th is  concentra t ion .  This seems to be in agreement 
with  the conclusion o f  the minimum p o l a r i t y  model o f  Ehrenreich and 
his  co-workers'* which p red ic ts  a l im i te d  sharing o f  e lec t ro n s  by 
the two co n s t i tu en ts .
The second fea tu re  o f  the Fermi surface tha t  was invest iga ted  
was the radius of  the b e l l y .  This  b e l l y  radius was found to  decrease 
as the concentra t ion  of  n ickel  is increased. The volume o f  the Fermi 
surface is expected to decrease since n icke l  has fewer conduction  
e lec trons  than copper.
A simple est imate  o f  the volume of  the Fermi surface can be
made by considering that  the surface is a sphere and neg lec t ing  the
volume o f  the necks. The volume inside the Fermi surface is then
proport ional  to the cube o f  the b e l l y  radius.  The re s u l ts  for  the
volumes for  the four copper concentrat ions are p l o t t e d  in Figure 17.
The four points  f i t  a s t r a ig h t  l i n e .  The r a t i o  o f  the volume of
the Fermi surface o f  the 10/90 a l lo y  to  tha t  of  pure copper is
0 .7 9 ± .0 4 .  This r a t i o  ind icates  tha t  each nickel  atom contr ibutes
about 0 . 8  e lec t rons  to the conduction band compared to  1 e lec t ro n
for  each copper atom. This conclusion is in agreement w i th  the
0
resu l ts  o f  Murray and McGervey.
The d isplaced s l i t  method which involved moving one o f  each 
p a i r  o f  s l i t s  5 .5  mrad fu r th e r  away from the center  l in e  (see  
Figure 1*+) was used for  the f i r s t  t ime.  (This  method has not been 
prev ious ly  reported in the l i t e r a t u r e ) .  The re s u l ts  are not very  
conclusive although they do seem to uphold the idea tha t  the radius  









An attempt to  improve the reso lu t io n  fo r  the displaced s l i t  
method was unsuccessful.  A sample was s l ic e d  in h a l f  and the width  
of  each o f  the s l i t s  was narrowed by a f a c to r  o f  two. This doubled 
the reso lu t io n  but cut the counting ra te  by a f a c to r  of  e ig h t .  The 
great  reduction is counting ra te  more than o f f s e t  the improved 
reso lu t ion  and the resu l ts  were inconclusive.
The f in a l  experiment was a run on the 50/50 a l lo y  below i ts  
Curie temperature. The data ,  p lo t te d  in Figure 16, show l i t t l e  
d i f fe re n c e  from the same a l l o y  run at room temperature. The neck 
radius remains a t  1 mrad. The neck radius observed does not seem 
to depend on the ferromagnet ic p ro p e r t ies  o f  the n ic k e l .
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APPENDIX
Background C a lc u la t io n  and Decay Correc t ion
The data gathered by the e l e c t r o n ic  apparatus a l ready  
described must be correc ted fo r  the coincidences detected that  are  
the resu l t  o f  photons not from the same a n n ih i l a t i o n  and for  the 
decay o f  the source as the data are being c o l le c te d .
The acc identa l  background can be d i r e c t l y  measured at the 
beginning o f  each run. This method is described in the experimental  
procedure. This measured background must be correc ted fo r  the decay 
of  the source and subtracted from each data po in t .
The procedure is to  c a lc u la te  the background fo r  the f i r s t  
point  o f  each scan, add these values together to get the to ta l  
background for  the f i r s t  p o in t ,  and then use t h is  value in the decay 
correc t ion  c a lc u la t io n .  The random coincidences are proport ional  
to  the countrate in each arm and the reso lu t io n  time of  the 
instrument.  The countrate at  each end w i l l  decay according to
N ( t )  -  Nq e ‘ Xt (1)
where N is the o r ig in a l  countrate  and X is the decay constant,  o
X ■ . 6 9 3 / t ^
where t_L is the h a l f  l i f e  o f  the sample.
2
Because the acc identa l  background depends on the product of  
the count rates
BG(t) -  BG e‘ 2Xt (2)o
where BGq is the i n i t i a l l y  measured background.
The t o ta l  background at  the f i r s t  point  is given by
BGTOT *  BGo * ' 2X"  <3>1-0
where M is the t o ta l  number o f  scans and t  is the time i t  takes  
for the apparatus to make a complete scan and re turn  to the f i r s t  
point  ( t h i s  is c a l l e d  the cycle  t im e ) .
This to ta l  background can be subtracted from the t o t a l  of  the 
coincidences recorded for  the f i r s t  po int  o f  each scan to give the 
number o f  coincidences recorded which were due to actual  a n n ih i la t io n s .
This to ta l  background fo r  the f i r s t  po in t  must be s u i ta b ly  
decay corrected and subtracted from the t o ta l  number o f  recorded 
coincidences at  each p o in t .  This background corrected number of  
counts at  each point  is given by
YRr( i )  -  Y ( i )  -  BG e -2^  ' ” 1) 1 ' (k)
TOT
where Y ( i )  is the to ta l  number o f  coincidences recorded at the i*^1 
point  and t '  is the counting t ime a t  each po in t .
The background correc ted counts s t i l l  have to be corrected  
for  the decay o f  the source to what they would have been had the 
source been one of  constant s trength .  From equation I i t  fo l lows
that  XtN -  Ne .o
The decay-corrected,  background-subtracted number of  
coincidences is given by
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